To detect genetic predisposing factors for hypertension, we screened the genome of the spontaneously hypertensive rat (SHR). We determined the genotypes of all F2 rats at polymorphic sites between the two strains, using the DNA of F2 rats derived from mating of SHR and Wistar-Kyoto rats (WKY). Cosegregation analysis was conducted to assess whether the genotypes of polymorphic markers associate with any phenotypic parameters such as directly measured blood pressure, heart rate or body weight. All measurements in F2 rats were performed at 15 weeks of age. Two polymorphic markers on chromosome 18 cosegregated with body weight. Gap junction protein (heart connexin 43) gene showed the most significant association with body weight as a recessive trait, but no association was noted with other parameters.
Essential hypertension is a multifactorial disease that accounts for 90 to 95 percent of all cases of hypertension. Epidemiological studies have revealed that various environmental factors act as risk factors for hypertension. Excessive salt intake and obesity are known to be significant environmental risk factors, but many investigators now believe that genetic factors are also a predominant cause of hypertension. Attempts to detect the blood pressure regulatory genes in the human population must, therefore, take into account the etiologic and genetic heterogeneity of essential hypertension. Hence, for simplicity, many investigators have chosen to conduct linkage studies in rodent models for hypertension, such as the spontaneously hypertensive rat (SHR) or Dahl salt-sensitive rat (Dahl-S), which have genetically as well as environmentaly homogenous backgrounds.
Recent advances in molecular biology have provided clues to identify the role of genetic factors in the pathogenesis of hypertension using these rat models. Candidate gene approaches have been conducted for several genes, such as the renin gene (1-3), kallikrein gene (4), heat shock protein 70 gene (4), and SA gene (5), to examine whether or not they cosegregate with blood pressure. On the other hand, systematic genomic approaches using the stroke-prone SHR (SHRSP) suggested that the locus around the gene for angiotensin converting enzyme (ACE) significantly cosegregates with blood pressure increase in response to salt loading (6-8).
In this context, we have already reported that two candidate gene loci are responsible for the levels of blood pressure in SHR. One is the neuropeptide Y (NPY) locus on rat chromosome 4 with a hypertensive effect (9), and the other is the phospholipase C-i (PLC-S i) gene locus on chromosome 8 with a hypotensive effect (10). While the genes mentioned above are linked to systolic or diastolic blood pressure, Dubay pointed out an association between carboxypeptidase gene on rat chromosome 2 and pulse pressure as a new parameter which is related to hypertension (I1).
In the present study, we report another genetic factor which was found to be related to body weight in the process of identifying the genes responsible for determination of blood pressure. 1 (1995) erect to be one of the closest strains to Okamoto's original stock (12). We confirmed that both strains were genetically inbred by the DNA fingerprinting method (13). The F1 hybrid which was derived from SHR and WKY was intercrossed to produce F2 generation, and we then selected 106 male F2 rats for cosegregation analysis. All rats were housed under identical environmental conditions at a temperature of 24 ± 1°C, humidity of 55 ± 5%, and a 12-h dark-light cycle, and were given a normal diet consisting of commercial pellet chow CE-2 (Japan Clea Co., Ltd.) and water ad libitum.
Animals
Measurements o f Parameters At 15 weeks of age, all rats were weighed and a catheter was implanted into the abdominal aorta via a femoral artery under light ether anesthesia. Systolic and diastolic blood pressure and heart rate were measured three times 24 h after catheterization, while the animals were quiet at rest and in a freely mobile state. The measurements were carried out using a pressure transducer (TP-400T), monitors (AT-601G and AT-641G) and a recorder (RTA-1300), all from Nihon Koden Co., Ltd. All measurements were taken by a single observer, who had no information on the genotyping of animals.
Genotyping
In this study, we used microsatellite markers which were previously mapped by chromosomal assignment using a panel of rat X mouse somatic hybrid clones and linkage analysis (14). Therefore, we investigated the polymorphism between SHR and WKY using genomic DNA samples which were extracted from rat liver by a standard phenol-chloroform method (15).
Out of 6 microsatellites where polymorphism was found among inbred rat strains according to the screening of chromosome 18 (Fig. 1) , we found two markers, adrenergic receptor ~2 (ADRB2) and gap junction protein, heart (GJA1) locus which cosegregate with body weight significantly. Locus symbols, sequence design of primers, repeat sequences, size of PCR products and size comparison of these markers are shown in Table 1 .
Sample DNA was amplified in 50 mM Tris, pH 8.5, 1 mM MgCl2, 20 mM KCI, 500 mg/ml BSA, 200 mM dNTP and 10 mM of each primer. Samples were denatured for 2 min at 94°C and then cycled 30 times through the following steps: 5 sec at 94°C, 5 sec at 55°C, and 45 sec at 72°C. All PCR were performed in a 10-ml reaction volume enclosed in glass capillary tubes using an Air Thermo-Cycler (Idaho Technology Co.). PCR products were electrophoresed for about 1 h on 10% polyacrylamide gel. After ethidium bromide staining, F2 progeny were divided into three groups: SHR/SHR, SHRI WKY and WKY/WKY according to the number of repeats in each microsatellite.
Data Analysis
Cosegregation analysis was conducted between each phenotype and genotype. Statistical significance was assessed by one-way analysis of variance (ANOVA) utilizing the program package, Stat View II (Abacus Concept, Inc.).
Results
In the process of determination of the entire rat genome, we have completed screening of the polymorphism at the loci of more than 100 microsatellite markers. These preliminary screenings indicated a positive association between a locus on chromosome 18 and body weight. There were two microsatellites with polymorphism mapped in this region. Figure 2 shows, as a representative, genotypes of SHR, WKY and F2 progeny determined by a microsatellite marker, gap junction protein, heart (GJA1). The PCR products from SHR, WKY, and F1 rats give rise to 148bp/148bp, 142bp/142bp, and 148bp/142bp fragments, respectively.
Cosegregation analysis revealed a highly significant association with body weight at GJAI locus. Fig. 1 . Rat linkage map on chromosome 18. The dis tances between markers indicated above the line are esti mated from the recombination ratio. Two markers indi cated in bold are polymorphic between SHR and WKY The assignment o f microsatellites, locus symbols and re combination distances were made on the basis o f Serika wa's paper (14). ADRB2 adrenergic receptor, /9-2; GRL glucocorticoid receptor; GJAI: gap junction protein (hear connexin 43); * MBP: myelin basic protein; * NGFI: nerv growth factor-induced gene; OLF: protein olf a (olfactorr specific G); TILP: trypsin inhibitor-like protein, pancre atic; TTR: transhyretin; * : not analyzed. The distribution of body weight in F2 rats was significantly different between subgroups classified by the genotype of GJAI gene (Fig. 3) . The body weight of F2 progeny homozygous for SHR specific allele was 20 g heavier than that of the F2 population homozygous for WKY alleles or heterozygous for the SHR and WKY alleles. A summary of cosegregation analysis between the genotypes of each marker and phenotypic parameters is shown in Table 2 . Although positive associations for body weight were also found at GJAI and ADRB2 loci, other parameters, such as blood pressure, pulse pressure and heart rate, did not cosegregate with the genotypes of these markers. The GJAI locus was shown to be a recessive trait for body weight in SHR.
Discussion
The ACE locus has been proposed to have a dominant effect on blood pressure in the F2 population of SHRSP (6). Previous studies from our laboratory indicated that two genes, neuropeptide Y and phospholipase C-5'I, are directly related to the regulation of blood pressure (9, 10). We have also conducted investigations to identify the predisposing factors for hypertension.
However, predisposing factors for hypertension are not necessarily related to blood pressure directly. In other words, during the attempt to detect responsible genes for hypertension, we must also take into consideration that there may be related genes which indirectly modify the regulation of blood pressure.
In this study, it was shown that the gap junction protein, heart (GJAI) locus affects the body weight as a recessive trait, but does not cosegregate with other parameters in SHR. In this process of determining the whole rat genome, no locus had been found to cosegregate with body weight. As we measured only the body weight of the F2 rats, it may be argued that the higher level of body weight can not be necessarily regarded as obesity.
Gap junction protein, heart is a protein of 43kDa called connexin 43, which was purified from myocardium-derived gap junctions (16). Gap junctions are specialized membrane components that permit the direct exchange of ions and small metabolites between cells. Connexin 43 appears to be a modulator of cell growth and differentiation.
Recently, Mukherjee and co-workers reported the role of `myotrophin' in neonatal cardiac myocytes using the expression of connexin 43 gene (17) . This study suggested a significant correlation between cardiac hypertrophy and connexin 43. Another important report by Meda et al. (18) showed that connexin 43 is a major component of communication channels between the insulin-producing pancreatic B-cells. These reports suggest the possibility that the gap junction protein (heart connexin 43) gene is related to cardiac hypertrophy and insulin resistance.
Of the obesity genes which have been previously reported, the ob and the db genes of the mouse are well characterized (19, 20) . Recently, it was re- Fig. 2 . Genotypes o f SHR, WKY and F2 progeny determined by a microsatellite marker, gap junction protein, heart (GJAI). Symbols S and W indicate the alleles specific for SHR and WKY, respectively. F2 progeny were either homozygous for the SHR allele, SS; heterozygous for the SHR and WKY alleles, SW; or homozygous for the WKY allele, WW. ported that a gene on the swine chromosome 4 is correlated with body weight and fat deposition (21). In the rat chromosome, it was previously reported that the f a gene was associated with body weight increase (22). However, it is located on chromosome 5 and differs from the GJA1 locus, which is located on chromosome 18.
We, therefore, conclude that the GJA1 gene itself or some other genes in its vicinity on chromosome 18 is a new candidate determinant gene of the body weight in SHR. Although body weight increase is not equivalent to obesity, considering the importance of overweight in the development of hypertension, the new locus is of great research significance and deserves further investigation. 
